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SUMMARY
5 FT

A statistical error analysis has been made of the orbital-accuracy capability
of the Scout research vehicle. Twenty-six independent error sources were included
in the analysis. Orbital-altitude error bands were determined for three nominal
circular orbits at altitudes of 120, 300, and 600 nautical miles. In addition,
for the 300-nautical-mile mission, a detailed examination was made of the effects
of the separate errors; predominant error sources were determined and an analysis
was made of the effect on the orbital accuracy of injecting into the orbit with
a velocity greater than that for circular. Also a method for determining an
enclosed area in apogee-perigee space (within which approximately 95 percent of
all orbits will occur) is described and applied to the 300-nautical-mile mission.

The results from this analysis indicate that the 95-percent—probability or
og error bands for the 120-, 300-, and 600-nautical-mile nominal circular orbits
have maximum variations from the nominal altitudes of approximately +100, *110,
and *150 nautical miles, respectively. It was found that these error bands are
critically dependent upon the fourth-stage tip-off error and will be appreciably
less if the present fourth-stage separation system can be shown to have a 2c value
for tip-off of less than the 5.50 assumed in this analysis. For example, for the
300-nautical-mile mission, the maximum uncertainty in orbital altitude of a
95-percent basis is reduced to #85 nautical miles for a og value of tip-off of
about 2°. The results also indicate that the overall orbital accuracy of the
Scout vehicle cannot be significantly improved, exclusive of tip-off, until the
rocket parameters (specific impulse, propellant weight, and propellant burning
rate) can be defined to within smaller variations than those assumed for this
analysis. The effect of injecting into the orbit with a velocity greater than
that for circular was found to reduce considerably the uncertainties about the
minimum orbital altitude (the perigee of the orbit).

INTRODUCTION

The Scout research vehicle is a four-stage solid-fuel rocket system designed
to give the National Aeronautics and Space Administration an economical, reli-
able, and versatile vehicle capable of both probe and orbital missions. Guidance
of the Scout vehicle is achieved by a three-axis "strapped down" gyro system in
combination with a three-axis control system. Control of the vehicle flight path



is obtained indirectly by preprograming zero yaw and roll rates and a pitch-rate
command such that essentially a gravity-turn trajectory is executed. While this
method of guidance is simple and relatively inexpensive compared with inertial
systems or those employing a ground loop, the accuracy of such a system is criti-
cally dependent on the ability to predict the total system performance and opera-
tion of the vehicle. The purpose of this paper is to examine the possible fac-
tors and/or variables affecting the Scout guidance accuracy and to determine by
statistical methods the combined effect of these factors on the Scout orbital-
accuracy capability.

The statistical methods employed were to consider each factor as an inde-
pendent, normally distributed error source, to assume a specified value of the
standard deviation of the error in each of the factors, and to insert each of
these values in turn into the appropriate equations to determine the altitude
variation during one orbit from an orbit calculation containing no errors. The
individual altitude variations were then sumed statistically to determine the
total statistical orbit-altitude variation.

SYMBOLS
a speed of sound, ft/sec
Ae exit area of rocket motor, sq ft
b thrust offset distance, ft
Ca axial-force coefficient
Cn pitching-moment coefficient

Cm
Cmﬁ v per radian

Xy, .
Cmq = g—ga——, per radian

(5%
Cn normal-force coefficient

CN6 = ——ﬂ, per radian

%
d reference length, ft

F force, 1b



I

=

aerodynamic forces along X- and Z-body axis, 1b
control force along Z-body axis, 1b
thrust forces along X- and Z-body axis, 1b

control force due to jet vanes, lb/radian

total forces along X- and Z-body axis, 1b

altitude above surface of earth, ft (unless otherwise specified)
apogee altitude of orbit, ft

perigee altitude of orbit, ft

orbit inclination, deg

specific impulse, 1lb-sec/lb
total impulse, lb-sec
moment of inertia about Y-body axis, slug—ft2

integer

control-system position gain, radian/radian
control-system rate gain, radian/radian/sec

latitude, radian
Mach number

moment about Y-body axis, ft-1b

pitching moment about the Y-body axis due to aerodynamic forces,

ft-1b

pitching moment about the Y-body axis due to thrust misalinement, ft-1b

mass, slugs
number

atmospheric pressure, lb/fte



q angular velocity about the Y-body axis, radians/sec

q dynamic pressure, lb/ft2

r distance from vehicle to center of earth, ft

R earth radius, ft

S reference area, £t2

T sea~level thrust, 1b

T! altitude thrust, 1b

Tj control- jet thrust, 1lb

t time

v inertial velocity, ft/sec

Vg aerodynamic velocity, ft/sec

Vo circular orbit velocity, ft/sec

Vi injection velocity, ft/sec

Vo wind velocity, ft/sec (headwind is positive)

W welight, 1b

Wp propellant weight, 1b

Wp propellant flow rate, 1b/sec

Xeg center of gravity along X-body axis, ft

xcgo reference center of gravity along X-body axis, ft
X3 body-station location of control jet on X-body axis
Xy distance along X-body axis from jet vanes to Xegy» ft
a inertial angle of attack, radians

Qg aerodynamic angle of attack, radians

y inertial flight-path angle, radians



7a aerodynamic flight-path angle, radians

JAVS control dead band, radians

o control-surface deflection, radians

€ control-error signal, radians

) pitch angle, radians

Bo initial pitch angle, radians

B¢ commanded pitch angle, radians

A longitude, radians

0 density, slug/ft?

o standard deviation | root mean square of the deviations, xi, of a

set of observations from the true value, i.e., o =

T thrust-misalinement angle, radians
¢ range angle, radians

W inertial azimuth angle, radians

w earth rotational rate, radians/sec
Subscripts:

b web burnout time

BO burnout

nom nominal

t total



A A prefix to a quantity indicates a variation from some nominal condition.

A dot over a variable indicates differentiation with respect to time.
SCOUT LAUNCH PROCEDURE

Prior to describing the methods of analysis and examining the various param-
eters that were considered in assessing the Scout accuracy, it is helpful first
to describe briefly a typical launch trajectory for an orbital mission. For
launches from Wallops Island, Virginia, the vehicle is launched from a tower
(fig. 1) at an elevation angle between 78° and 88°. The tower is mounted on

tracks to provide a choice in launch
azimuth. From 1lift-off the vehicle
" pitch attitude is controlled to follow
a preprogramed attitude which will, for
nominal vehicle performance and in the
absence of disturbances, produce a
gravity-turn (ballistic) trajectory.
The vehicle orientation in roll and azi-
muth during the ascent is maintained at
the initial launch-reference attitude.
A proportional servocontrol system which
operates aercdynamic tip surfaces aug-
mented by Jjet vanes during first-stage
burning is used to control the vehicle
during the first-stage phase of flight.
After first-stage burnout the complete
vehicle is allowed to coast to an alti-
tude of 130,000 feet. The second stage
is then ignited and a diaphragm separa-
tion system blast separates it from the
first stage. Control during both second-
and third-stage flight is provided by
hydrogen peroxide reaction jets operating
as an on-off system. Following second-
stage burnout, the vehicle coasts for a short period after which the third-stage
motor is ignited, and is separated from the second stage by a diaphragm separa-
tion system, After third-stage burnout the vehicle with its hydrogen peroxide
control system still operating coasts to the apogee of the ascent trajectory.
At this time the fourth stage, having been alined during coast to the proper
attitude by the third-stage control system, is spun up for spin stabilization.
In the early development of the Scout vehicle and for the first seven flights the
diaphragm system was used for fourth-stage separation because of its inherent
simplicity and positive separation after ignition. However, the flight-test data
indicated severe fourth-stage tip-off disturbances which were subsequently traced
to the diaphragm system. Consequently, later development vehicles have incor-
porated a spring separation mechanism which insures positive separation by pulling
away of the third stage by using the third-stage pitch- and yaw-control Jets as
the power source. Several early test flights have indicated a sizable reduction

L-61-3853
Figure 1.- Scout vehicle on launch tower.
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in separation disturbances. A typical four-stage nominal ascent trajectory 1is
illustrated in figure 2.

METHODS OF COMPUTATION AND ANALYSIS

Launch Trajectory

The launch trajectories were calculated by using the equations of motion
presented in appendix A. These are two-dimensional (single plane) equations
which include the vehicle angular degree of freedom in pitch. The calculations
assumed a spherical, rotating earth. All launches were made due east from Wallops
Island, Virginia, with a launch latitude
of 37.85° north and longitude of T5.47°
west. Since the equations of motion do
not include the degree of freedom in 4163 a2l

; IGNITION . ———
roll, for the fourth-stage portion of BURNOUT - ~SPIN
the trajectory where the stage is spin-
ning, perfect stabilization was assumed
and simulated in the computer calcula-
tions by holding an inertially fixed
pitch attitude.

PAYLOAD =100 LB

A suitable launch trajectory was
established to produce each nominal
orbit by adjusting the payload weight and ‘~‘N" :Ek:x
launch elevation angle. Each of 26 error
sources was then introduced one at a
time, and the basic launch trajectory
was rerun (stage ignition times and the
pitch program were held fixed). Actually
two launch trajectories were calculated for each error source by including both
a plus and a minus value of the error, thus resulting in 52 error cases for each
nominal orbit. It should be mentioned that in order to minimize the digital-
computing inaccuracies involved with small differences, the actual value of the
errors used in computing the trajectories were the g values. Table I presents
a list of the 26 error sources considered. The 20 data presented were obtained
by taking two-thirds of the error values used in the trajectory calculations.
The 95-percent probability associated with 20 values was considered to be the
probability range of most general interest.

Figure 2.- Scout orbital-ascent trajectory.

Orbital-Altitude Variation

For each set of injection conditions, the associated orbit was calculated
and the orbital altitude at equal increments of earth range angle from 0° to 360°
was tabulated. A plot of results such as these is shown in figure 3. Here
orbital altitude is plotted against the range angle ¢, where ¢ = 00 is the
point of injection. The two typical orbits plotted show the two orbits resulting
from *2g values of one error source. A nominal circular orbit is also shown as



a straight line. As the final step, differences in orbital altitude Ah from
the nominal altitude at the discrete values of range angle were determined. The
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Figure 3.- Orbital altitude for a nominal circular orbit of 300 nautical miles and 2o variation
of first stage Isp'

values of Ah were determined in this manner for all 52 orbits. It should be
mentioned that the range angle traversed during the ascent (from launch to the
point of injection) actually varied slightly from the nominal case as might be
expected. This variation, however, was quite small for the individual cases
(O.lO maximum) and hence the method described for determining the values of Ah
at like values of range angle is considered valid.

Statistical Combination

To obtain the total statistical variation (2¢) in orbital altitude for a
given nominal orbit, that is, to combine the effect of all the errors, the values
of Ah of all the cases at like range angles were root-summed square (RSS), that
is, the total 2c0 altitude was



(1)

In particular, two totals were obtained at each range angle - the RSS value of
the positive values of Ah and the RSS value of the negative values of Ah. The
RSS value of the positive Ah's was then used as the increase from the nominal
altitude and denoted as (Ah)+20 and the RSS value of the negative Ah's was

used as the decrease from the nominal altitude and denoted as (Ah)—20° Although

this treatment of the positive and negative variations separately does not have
any mathematical basis in statistics, the approach appears reasonable from an
engineering point of view. The difference in (Ah),n, and (&h)_o, 1s due to
the nonlinearity of the equations of motion for the perturbed trajectory. These
RSS equations, however, are completely valid only in the case of linear eguations
of perturbed motion. It was assumed that the statistical treatment of the

(Ah)+2g and the (Ah)_20 output of these somewhat nonlinear equations by use of

a linear analysis was Justified for purposes of engineering accuracy. This is
particularly true in view of the uncertasinty in the standard deviationc assumed
for the error-source inputs. In a few instances it was found in the summing
process that the plus and minus 20 value of the same error source resulted In

Ah values of like signs at certain range angles. In such instances only the
larger of the two Ah values was considered, thus effectively using a zerc error
for the Ah of opposite sign. Finally, a plot of the RSS values of altitude
against range angle yields an altitude band about the nominal orbit such as shown
in figure 4. 1In this figure at each discrete range angle the (Ah)+2G value was

added to the nominal orbit altitude and the (Ah)_20

obtain the altitude band shown. Statistically this plot 1s interpreted as the
altitude band about the nominal orbit within which 95 percent of all the orbits
will occur. If the intended mission is a 300-nautical-mile circular orbit then
the actual orbit will have a 95-percent probability of falling within the bound-
aries shown.

value was subtracted to

In order to obtain statistical information on the pairing of apogee and
perigee altitudes for any orbit, a Monte Carlo analysis (described in appendix B)
was performed on the injection conditions obtained from the ascent trajectory
equations. As an adjunct to thils analysis, it was considered informative to
examine the statistical variation of Ah at various range angles. This exami-
nation, at least within the limitations of the analysis, shows the variation of
Ah  to be Gaussian. A discussion of this is found in appendix B. The 20 value
of Ah from this analysis is compared in figure 4 with the 20 results of the
RSS analysis. Good agreement is noted.
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Figure 4.- The 2¢ altitude band for a nominal circular orbit of 300 nautical miles.

ERROR SOURCES AND MAGNITUDES

The error sources included in the analysis and the 2¢ variations used for
the respective parameters are listed in table I. For the purpose of this analy-
sis it was assumed that these parameters are normaelly distributed about their
expected or nominal value. Furthermore, necessary to the analysis is the basic
assumption that these error sources are completely independent. It must be men-
tioned that because of the limited number of accurate samples available for most
of these parameters, the magnitudes of the standard deviations used were mainly
educated guesses. For the rocket parameters, which are shown in the section
entitled "Results and Discussion" to be the dominating error parameters, an
attempt has been made to compare the 2¢ values listed in table I with data for
the Scout rockets obtained from flight and some ground firings. These data are
included in appendix C along with a comparison of some of the results of this
analysis with flight measured quantities.

1¢



Specific Impulse, Propellant Flow Rate, and Propellant Weight

These three error sources are varisbles associated with the solid-rocket
motors. Although in the practical case it may be argued that these three are not
entirely independent, they were handled independently in the analysis and were so
chosen from the following considerations. Consider the instantaneous thrust to
be

T = Iephp (2)

then for Igsp constant,

tBo tro .
Ty = T At = Iy, Wp dt (3)
0 0
and also
t
BO .
JF W, dt = Wy (4)
0

Now it is yeasonable to assume that uncertainties will exist in the values for
Isp and W,, and from equation (2) such uncertainties will result in variations

of the thrust from the expected value. Tn addition, uncertainties might also be
expected in the total propellant weight on board. The actual procedure followed
then in the simulation was to vary one of the three while the other two were held
at their nominal values. Specifically this was accomplished as follows: As
shown in appendix A, thrust was included in the digital program as a tabular
function of time and propellant flow rate was generated as

- T
WP—-I—S'E (5)

Hence for error 1, Igp Was varied, and WP and Wp remained at their nominal
value, then in accord with equation (5), thrust was increased or decreased by
the same factor as Igp 8O that Wp remained nominal. Burnout time tpp was

kept nominal so that Wp remained at its nominal value (eq. (4)). Notice for
this case that the variation in total impulse (egs. (2) and (3)) is equal to the
variation in specific impulse. An example of the resulting thrust-time plots
included in the machine setup is shown in figure 5(a) for the first-stage motor.
The 20 value assumed for Igp was 1.0 percent for stages 1, 2, and 5 and

0.35 percent for stage k.

For error 2, WP was varied, Igp and Wp were nominal, and in order to
satisfy equation (5), thrust was changed (Isp was nominal) to produce the

desired variation of Wyp. Then tpg was adjusted such that Wyp remained at

11
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(a) Igp, varied; XZJP and W, nominal.

Figure 5.- First-stage thrust-time plots used in the analysis toc simulate rocket
parameter variations.

its nominal value. Notice for this variation that since Wp and TIgp remain
unchanged, from equations (2) and (3) the total impulse remains unchanged. An
example of the resulting thrust-time plots included in the machine setup for the
Wp variation is shown in figure 5(b) for the first-stage motor. It should be

noted that the thrust variations relative to the nominal during thrust tail-off
are not consistent with the variastions before tail-off. This was necessary in
order to maintain the same general thrust tail-off characteristics exhibited by
the nominal thrust-time plot. A 2¢ value of 3.3 percent was used for all four
rocket motors. Although some differences have been noticed between the predicted
burning times and flight measured times for various motors (see appendix C) the
exact variation in burning rate is difficult to determine.

For error 3 ISP and WP were nominal and W§ was varied by the desired
amount with the stage full weight being changed accordingly. Burnout time was

12
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(b) Wp varied; Igp and Wy nominal.

Figure >.- Continued.

t
BO
adjusted such that the integral \/ﬁ Wp dt was equal to the new value of wp.
0

Notice that this results in a change in total impulse (eq. (3)) equal to the var-
iation in WP. Typical thrust-time plots are presented in figure 5(c) for the

first-stage motor. Notice here again from the figure that the tail-off charac-
teristics were adjusted in a particular way in order to maintain the same general
thrust tail-off characteristics. The assumed 2¢ variation of 0.67 percent might
appear to be fairly large in that careful weighing of a specific motor empty and
full should determine the propellant weight to better accuracy. Although this is
probably true in most cases (particularly for the smaller upper stages), the var-
iation of 0.67 percent is taken to include materials in the motor, not actual
propellant grain that unintentionally burn or, on the other hand, propellant
itself that is left unburned.
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Figure 5.- Concluded.

Launch Attitude

The effect of an error in the launch attitude was included by assuming an

error in 8, while keeping the commanded attitude 6, at the nominal value.

This simulates the condition where the commanded pitch attitude is correct, but
the vehicle comes off the launcher with an error in the pitch angle. The optical
methods of prelaunch alinement employed are extremely accurate and actually allow
a much better tolerance in launch attitude than the 2¢ value assumed. However,
the 0.33° value was used to include possible errors in launch attitude that might
occur immediately after launch as a result of vehicle motion induced by gusts,
"seeking" of the correct attitude, and other unknowns.

14



Attitude Program

An error in the pitch attitude command was assumed by introducing a shift or
bias of 0.13° in the commanded attitude-time curve 8,. To properly simulate

this error, the initial launch attitude 6, was assumed to be equal to the incor-
rect 6, at launch. In other words, if an error existed in programed attitude at

launch, the optical alinement would be made to the improper attitude and the
vehicle would be launched with an error in attitude.

Thrust Misalinement

If the thrust vector is not directed through the vehicle center of gravity,
a moment results which will tend to produce a deviation in the missile attitude
from the nominal value. Reasons for misalinement of the thrust include static
misalinement of the nozzle with the motor, mass asymmetries (c.g. not on the vehi-
cle center line or thrust line), and physical changes of the nozzle during
burning. The measure used here to indicate the magnitude of thrust misalinement
is the angle between the thrust vector and the body longitudinal axis. The stand-
ard deviation values assumed were based on the vehicle design tolerance for thrust
misalinement. The design values of thrust-misalinement angle for the first-,
second-, and third-stage motors were 0.25°, 0.20°, and 0.10°, respectively. These
then were taken as the three standard deviation values and the two standard values
indicated in table I are two-thirds of these numbers. It should be pointed out
that this discussicn treats only the possible variation in thrust-misalinement
magnitude but not in direction. In actuality the thrust vector may be oriented
anywhere within the 2360° arc around the desired direction. $ince this analysis
considered only the error sources in the vehicle pitch plane, the standard vari-
ation values used should probably be reduced to account for the possible occur-
rence of the thrust vector out of this plane. This was not done, however, since
the magnitude of the standard deviation for the thrust-misalinement angle was an
estimated value in the first place. As mentioned in the section entitled "Methods
of Computation and Analysis" the digital setup did not compute the trajectory for
the fourth stage actually spinning so that thrust misalinement as such could not
be considered for the fourth stage. However, the effect of a thrust misalinement
on the fourth stage would be to cause an attitude error and this error was
included as a part of another error source (see section entitled "Tip-off").

Winds

Standard operation in the preflight trajectory planning and pitch-command
determination for a given Scout flight has been to assume zero winds. In flight,
however, the presence of winds will cause variations from the intended or nominal
trajectory. The 2¢ wind prefile is shown in figure 6. This is a composite of
wind profiles from many sources. This profile was included in the calculations
both as a local horizontal headwind and tailwind but only in the first-stage por-
tion of the trajectory. Some thought has been given to the inclusion of some
mean or average wind in the preflight trajectory planning for future shcts, and
if this is done, this particular error effect would have to be reevaluated.

15



Tip-Off

Tip~off disturbances or disturbances due to separation effects, which result
in angular variations from the intended vehicle attitude may occur during the var-
ious stage separations. In the case of the separation of the first and second and
also the second and third, such disturbances are quickly corrected by the control
system and therefore are assumed negligible in this study. However, since the
fourth stage is spin stabilized these separation disturbances produce vehicle-
attitude errors which will remain uncorrected and therefore must be considered.
The fourth stage may also experience attitude deviations due to factors other than
separation disturbance, such as thrust misalinement, spin-rocket misalinement,
and principal axis asymmetry.

As a result of large altitude errors of the fourth stage exhibited in flights
of the early vehicles (see ref. 1), the original separation system and procedures
have been modified as mentioned previously. Flights with the new separation sys-
tem have indicated greatly reduced attitude deviations during fourth-stage sepa-
ration and burning compared with the deviations apparent in the earlier flights.

A 2g value of 3.5° was used throughout this study. However, in light of the
flight results using the new separation system, this value would appear to be
high. Adjustment of the results to include
a smaller 2¢ value is easily done and

will be discussed in the section entitled
"Results and Discussion."

Dead Band

v \ Prior to fourth-stage ignition and

k separation from the third stage, the third-

\ stage reaction control system is operating

Al \ to hold the vehicle at the programed atti-

tude. The pitch attitude of the vehicle

i \ during this time is actually oscillating

H b about the programed attitude between the

’ control dead-band limits. At ignition,

therefore, the spinning fourth stage may

T~ assume an attitude which is in error from
///>> the programed attitude by a value dependent

- on the dead-band magnitude. The dead-band

e
///// value in the pitch plane prior to fourth-
T stage ignition is *0.23°. A 2¢ value of
/(////' iO.l5O was assumed.
S I | ] 1 ]
C ) 3 o 160 5o
WIND YELOCITY, FT/SEC Drag Coefficient
Figure 6.- The 20 wind profile The vehicle aerodynamic characteris-

used in the error analysis.

tics that are necessary in the preflight
planning and trajectory prediction have
been obtained through wind-tunnel testing
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and theoretical calculations. Total configurativn drag appears as one of the
most important aerodynamic characteristics in that variations in drag from the
predicted value will directly affect the calculated vehicle performance. Drag
characteristics are modified for each specific flight vehicle according to the
payload size and shape, number of antennas, and so forth. 5till, uncertainties
must be assumed for such things as the effect of Reynolds number on the wind-
tunnel data, modification of existing data to account for configuration changes,
and different surface roughness for different vehicles. For the total vehicle
configuration a 2¢ variation of 6.7 percent was assumed for the curve of the
basic drag coefficient against Mach number. ©No variation in the drag character-
istics was considered for the second-stage portion of the trajectory.

Static Margin

As in the case of drag, pitching-moment characteristics were obtained for a
number of different Scout nose cones and payload configurations. However, in some
instances the flight configuration will vary from the tested configurations and
will then require theoretical modifications of the tunnel data. To account for
uncertainties in the pitching-moment characteristics of the flight vehicle, a
2g variation in the pitching-moment curve as produced by a static-margin varia-
tion of one body diameter (40 inches) was assumed.

Stage Dry Weight

The overall or total weight of a flight vehicle is determined by weighing
the separate parts (usually weighed by stage). Dry weight of a stage as used here

refers to the total stage weight less the propellant welght wp. Since uncertain-

ties in wp are being considered as a separate variation, stage dry welght uncer-

tainties would have to be assumed to arise primarily from the accuracy of weighing
a given stage. A 2¢ variation of 0.35 percent of the stage dry welght was
assumed for each stage.

RESULTS AND DISCUSSION

Orbital-altitude error bands have been determined for the Scout for three
nominal circular orbits at altitudes of 120, 300, and 600 nautical miles. 1In
addition, for the 300-nautical-mile mission, a detailed examination has been made
of the effects of the separate errors; predominant error sources have been deter-
mined and an analysis has been made of the effect on the orbital accuracy of
injecting into the orbit with a velocity greater than circular.

The results presented with the associated figures and tables are summarized
as follows:

17



Data Figure or table

1. Orbital-altitude error bands for nominal circular Figure 7
orbits for altitudes of 120, 300, and 600 nautical
miles.

2. The 20 values of AV, Ah, and Ay at injection Table II

for nominal circular orbits of 120, 300, and
600 nautical miles.

3. Variations of AV, Ah, and Ay due to each error Table IIT
source at second-, third-, and fourth-stage igni-
tion for 300-nautical-mile nominal orbit.

4, vVariations of AV, Ah, and Ay at injection and Table IV
orbital-altitude variation Ah at range-angle
increments due to each error source for 300-
nautical-mile nominal orbit.

5. Predominant error sources including the effect of Figures 8 and 9
the rocket parameters and tip-off for 300-nautical-
mile nominal orbit.

6. Orbital-altitude error band for a 300-nautical-mile Figure 10, Table V
injection altitude and an injection velocity 2 per-
cent greater than circular. (Vi/vc = 1.02)

T. Effect of injection velocity greater than circular Figure 11
on apogee- and perigee-altitude errors for an
injection altitude of 300 nautical miles.

8. Apogee- and perigee-altitude points for nominal Figure 12
injection altitude of 300 nautical miles.

Discussion of Data

The results obtained with regard to the topics summarized above are discussed
in the following paragraphs:

1. The 95-percent probability bands for three nominal circular orbits are
presented in figure 7. The 300-nautical-mile nominal orbit is the same as the
solid boundaries of figure 4. The width of the error band (fig. 7) is seen to
increase as the nominal altitude is increased from 120 to 600 nautical miles. It
is significant that the maximum spread of the bands occurs near the range angles
of 90° and 270° as this indicates the existence of relatively large errors at
injection in the flight-path angle. Errors in injection angle tend to have the
largest effect on the bands at angles near 90° and 270° whereas errors in the
injection velocity have their largest effect near ¢ = 180°. It is also impor-
tant to note that the minimum variation in altitude occurs at the point of
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inJjection (¢ = 0°). More discussion is included about these several points later
in the text.

o, The 2g variations in the injection altitude, velocity, and flight-path
angle for the three nominal orbits are listed in table II. These are the RSS
values of the variation of the injection parameters for all the error sources
which have been obtained by
averaging the plus and minus
variations. The (Ah),, and

(A7)26 values are seen to S
increase for the higher nomi- ‘ //////

nal orbital altitudes while o ; e

(&V)py varies only slightly. L /'

The larger variations in alti- B L g
tude and flight path are pri- T p

marily a result of the . .
increasing third-stage coast dT N

time as the orbital altitude : ya
is increased. w | P

3. Table IIT is a tabula- L
tion of the separate effects on ‘ 6 B 1° 2
velocity, altitude, and flight- BANIE ANGLE, 0,
path angle of each error source
at second-, third-, and fourth-
stage ignition for the 500- Figure 7.- The 2g altitucde band for nominal circular orbits.
nautical-mile nominal circular
mission. As mentioned previ-
ously, stage ignition times
were held fixed for all the cases, hence this is a listing of the variatlions at
equal times along the trajectory. The case numbers, 1 to 26, refer to the error
numbers of table I. The a and b of each case denote the results for the +2¢
and -2g value of the errors, respectively.

{(a) 120 nautical miles.

4. Table IV presents a breakdown of the orbital-altitude variations at the
range-angle increments for each error source for the 300-nautical-milc nominal
orbit and the RSS values for (Ah)+2c and (&h)_p,- It also presents a tabula-

tion of the separate effects on velocity, altitude, and flight-path angle of each
error source at fourth-stage burnout. There are several points worth noting in
this table. First, as mentioned previously, notice that the cases where a rela-
tively large Ay exists at injection have the largest Ah at range angles of
90° and 270° (see case 19, for example). On the other hand, for the cases with
large AV values and relatively small Ay values at injection the largest vari-
ations in the orbital altitude occur near 180° (see cases 4 and 12, for example).
Also from this table the predominant error sources can easily be selected. The
largest single variation in orbital altitude is seen to result from the tip-off
error (case 19). Also sizable variations occur for most of the rocket parameters
particularly for the specific-impulse variations (cases 1 through &) and
propellant-weight errors (cases 9 through 12).

19



20

AUTICAL MILEE

1

ALTITUDE

ALTITUDE, NAUTICAL MILFS

420

4

300

264

7AN

640

600

560

520

KOMIRAT ALTTTEOR —\

\ /,/
/
L /
Y,
Vs
/
//
A o L
- \ e
/ —
i : | ap— [ R G PR o
[ 60 120 180 240 300 360
HANGE ANGLE, ¢, LG
(b) 300 nautical miles.
-
NCMINAL ALTITUDE
—
i O SE— .A . i 4. i 1 i L ]
8] 60 120 180 240 300 360

HANGE ANGLE, ¢, DEG

(¢) 600 nautical miles.

Figure 7T.- Concluded.



ALTTTUDE, NAUTICAL MILES

5. An indication of how tip-off and certain of the rocket parameters affect
the total error band for the 300-nautical-mile nominal circular orbit is shown in
figure 8. The basic error band is the same 2¢ band shown in figure 7(b) and
includes all 26 errors. The dashed boundaries show the resulting band when the
tip-off is assumed to be zero. The triangular symbol points form a band which
represents the effect of nine motor performance parameters. The nine errors
making up the A points were specific impulse and propellant weight for all four
stages and propellant flow rate for the first stage. The band resulting from
these nine errors approximates closely the basic error band without tip-off.
Furthermore, it can be seen that only these nine errors plus tip-off (circular
symbol points) approximate the basic band, for which all the errors were included,
very closely. While an examination of table IV indicates that there are errors
equally as important as some of the nine considered, such as drag (case 21) and
first-stage thrust misalinement (case 15), the rocket parameters only were chosen
to illustrate a significant point. That is, the results presented in figure 8

BASIC ERROR BAND
— — — —  ERROR BAND WITH ZERO TIP-OFF
(Q ERROR BAND INCLUDING ONLY I_ {1st, 2nd, 3rd, Wth STAGE),
wp(lst STAGE), Wp{lst, 2nd, 3rd, 4th STAGE), AND TIP-OFF
420 A ERROR BAND INCLUDING ONLY Iy, (1st, 2nd, 3rd, U4th STAGE),
Wp(lstSTAGE),AND Wp(lst, 2nd, 3rd, 4th STAGE)
380
340
300 !
260
220
180 1 1 1 L L i 1 1 i L 1 L
0 60 120 180 240 300 360

RANGE ANGLE, ¢, DEG

Figure 8.- Effect of rocket parameters and tip-off on basic error band.
300-nautical -mile nominal circular orbit.
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indicate that the overall orbital accuracy of the Scout cannot be significantly
improved until the rocket parameters can be better defined than those assumed for
this analysis. This immediately ralses the question as to the valldity of the
standard deviations assumed for these parameters. Some comparisons of the assumed
values for these errors used in the error analysis with ground firings and flight
results are presented in appendix C. No conclusions may be drawn, however, due

to the questionable accuracy of some of the flight data and the limited number of

flight-test data points.

Since a practical estimate of the 2¢ value for the tip-off error is unavail-
able at this time for the present fourth-stage separation system, the effect on
the error band of various values of tip-off has been computed and is presented in
figure 9. Notice that up to about 20 of tip-off, the maximum uncertainty (maximum
spread) of the orbital altitude is little affected by tip-off. For tip-off equal
to 4° the maximum altitude variation has been significantly increased, and two

Tip-0ff
Qo0
10
2°

1 —_—— —— —

[49]
< ‘
H
= 340 ¢
= i
|} 4
= i
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= i // - - 4
é i P -~ 4
260 P s /
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Figure 9.- The 2¢ altitude band for various values of tip-off.
300-nautical-mile nominal circular orbit.
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maxima occur, as mentioned. earlier, as a result of the relatively large error in
injection angle produced by the tip-off angle. Thus the maximum uncertainty in
orbital altitude on a 95-percent basis, if the nominal mission is a 300-nautical-
mile circular orbit, is about +85 nautical miles for 2¢ values of tip-off up

to 2°. For a 2¢ value of tip-off of 40 the maximum uncertainty for the same mis-
sion is about *110 nautical miles.

6. Up to this point only circular orbits and the expected variations from the
circular orbital altitude have been discussed. Attention was called previously
in the text to the small variations in orbital altitude occurring at the point of
injection (see fig. 7). This fact is significant if, for a given orbital mission,
the primary objective is not necessarily an exact circular orbit but the attain-
ment of a minimum altitude within some relatively close tolerance. Figure 10
illustrates how the small variations about the injection point may be used to
reduce the perigee altitude uncertainty if slightly elliptical orbits are consid-
ered. This figure presents the 2¢ altitude band for a nominal injection altitude
of 300 nautical miles and a nominal injection velocity Vj equal to 2 percent

greater than the circular veloecity Vg, at 300 nautical miles. The resulting

nominal orbit has a 300-nautical-mile perigee altitude and a 615-nautical-mile
apogee altitude. The error band then indicates for this nominal that 95 percent

ALTITUDE, NAUTICAL MILES

700
NOMINAL
ALTITUDE
600
500
400
300
200 | L L | ! 1 1 1 1 | i |

0 60 120 180 240 300 360

RANGE ANGLE, ¢, DEG

Figure 10.- The 20 altitude band for 300-nautical-mile nominal injection altitude and Vi/vc = 1.02.
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of the time the perigee of .the orbit will not be lower than 265 nautical miles.
The band also shows that the perigee might be as high as 313 nautical miles. The
20 uncertainties about the apogee altitude are seen to be about plus 85 nautical
miles and minus 95 nautical miles. The 265-nautical-mile perigee altitude should
be compared with the results of figure 7(b) where for the circular mission the
perigee altitude might occur as low as about 190 nautical miles. The effect of
injecting with a velocity greater than the circular velocity is that the injec-
tion point tends to be established as the perigee of the orbit and the accuracy
as demonstrated in figure 7(b) at the point of injection tends to become the vari-
ation about the perigee. The actual uncertainty about the perigee is dependent
on the value of the ratio of the injection velocity to the circular value. That
is, notice in figure 10, that the perigee of the orbit might occur at a range
angle some 40° from the injectlion point and vary from the nominal perigee by as
much as 35 nautical miles. Higher values of Vi/vc will move the perigee point

closer to the injection point and therefore further reduce the perigee-altitude
variations.

Table V presents a breakdown of the orbital-altitude variation Ah at the
range-angle increments for each separate error source for a nominal 300-nautical-
mile injection altitude with Vi/Vc = 1.02. The predominant error sources may

again be selected as in table IV.

7. The 20 perigee- and apogee-altitude variations as a function of Vi/Vc
for a nominal injection altitude of 300 nautical miles are presented in figure 11.
Two sets of curves are presented; the h, and hp curves and scale on the right
show the apogee and perigee altitudes resulting for the values of Vi/Vc from

1.00 to 1.05 and the (Aha)gg and (Ahp)20 curves and scale on the left present the

apogee-altitude and perigee-altitude variations for the same values of Vi/Vc-
The V;fVe value of 1.00 is the circular
case and the 2¢ altitude uncertainties
4000 with respect to the apogee and perigee
altitude possible are those from fig-
ure 2(b). The V;/V, = 1.02 points are

those from figure 10. The main point to
be noted here is the large decrease in the
probable variation about the perigee alti-
tude as the injection velocity is
increased. For example, the 2¢ altitude
variation about the perigee altitude for
Vi/Vc = 1.05 1is seen to be about 20 nau-

tical miles as compared with 110 nautical
= miles for the circular case (Vif/Ve = 1.00).
10 1-05 110 1 The probable variation of apogee altitude
Vil is seen to increase with increasing values
of V;/V., but is probably not too critical

320

-13000

240 |

160 2000

ALTITUDE, NAUTICAL MILES

1000

(&) zg, NAUTICAL MILES

Figure 11.- Effect of injection velocity
greater than circular on 2¢ apogee- and since the apogee altitudes are also rela-
perigee-altitude variation for an injec-
tion altitude of 300 nautical miles. tively large.
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8. The Monte Carlo process provided information on the pairing of apogee and
perigee altitudes for each of 200 orbits. These apogee-perigee plots are of more
importance to the payload designer, who 1s more concerned with orbital lifetime
and therefore the combination of apogee and perigee altitudes likely to occur,
than the altitude band curves (such as fig. 7) which only provide informaticon on
the altitude limits likely to occcur. Therefore a brief investigation was con-
ducted tc provide the payload designer with some boundaries in the apogee-perigee
plane that could be used as an aid in determining orbital lifetime. The apogee
and perigee altitudes of each of the 200 orbits and the nominal apogee-perigee
altitudes are plotted in figure 12(a) for the circular case and in figure 12(b)
for a 2-percent over-velocity case of the same injecticn altitude where the same
injection errors were assumed. For purposes of determining maximum and minimum
probable orbital lifetimes it would be desirable to enclose an area on these plots

460 - |
Approximate 20 boundary +
_ _ _ Boundary from range angle-altitude plo-
+ + (O Nominal +
420} v
+

25&3() - + +

340

Apogee altitude, nautical miles

300+

-
r——
-

260 -
140 180 220 260 300 340

Perigee altitude, nautical miles

(a) Vv;/V. = l.00.

Filgure 12.- Apogee- and perigee-altitude points for nominal injection altitude of 300 nautical miles.
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within which some percentage, say 95 percent, of all orbits would occur. From
the range-angle—altitude plots of figures 7(b) and 10, lines of maximum and min-
imum perigee and apogee may be determined and plotted on the apogee-perigee plots
of figure 12. Maximum-perigee and maximum-apogee altitudes are obtained from the
upper altitude band. (These occur at the minimum and maximum altitude, respec-
tively, of the upper altitude band. See sketch.)

— Maximum apogee

~ Maximum perigee
— Minimum apogee
~— Minimum perigee

Minimum-perigee and minimum-apogee altitudes are obtained from the lower altitude
band (at the minimum and maximum altitude, respectively, of the lower altitude
band). Thus, these lines form an enclosed area in the shape of a rectangle.

(See the dashed lines in figs. 12(a) and (b).) For the circular case, one corner
of this rectangle may be cut off by drawing a 450 line from the origin through
the nominal apogee-perigee point. This eliminates the obvious impossibility of
having apogee lower than perigee. This area may be further reduced by consider-
ation of the variation in the length of the major axis of the 200 orbits. Since
major-axis length is inversely proportional to total energy and total energy
would be expected to vary from orbit to orbit, it seems reasonable toO expect some
variation in major-axis length. Since a 45° 1ine of negative slope through the
nominal apogee-perigee point represents the nominal major-axis length, if some
statistical variation in major-axis length can be determined, the 2¢ value of the
variation can then be plotted parallel to the nominal major-axis-length line and
hopefully cut off the cormers of the remaining shape. The probability distribu-
tion function of the major-axis-length variation has been plotted on normal prob-
ability paper in figure 15. In addition to the circular case, Vi/Vc = 1.0,

the probability distribution function has been plotted for Vi/Vc =1.01, 1.02,

and 1.05. The Vi/Vc = 1.05 points can be closely approximated by a straight line,
which shows approximately Gaussian distribution for major-axis-length variation,
while a straight line could not be said to approximate any of the other cases
shown. However, a smooth curve may be faired through each set of points. Then
at least for engineering purposes, these curves may be used to find the 2¢ varia-
tion in orbital major-axis length. Since the 95-percent probability of being
within a given apogee-perigee area has been chosen for the example, the value of
the variation in major-axis length at 2.5 percent and 97.5 percent is read off

the appropriate faired curve of figure 13. This corresponds to eliminating 5 per-
cent of the variations, and these two values are used as the +2¢0 and -20 varia-
tions in orbital major-axis length. For the circular case, these values were
determined to be +86 and -68. Applying these deltas to the nominal major-axis
length and plotting the resulting lines of constant major-axis length in fig-

ure 12(a) results in cutting off the corners of the area remaining, thus further
reducing the area. The preceding analysis was also applied to the Vi/Vc = 1.02
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case resulting in the boundaries shown in figure 12(b). However, it should be
recognized that two different methods of analysis have been used in determining
this final area. Therefore, depending on the degree of correlation in the two
methods, the probability associated with the bounds on the final area might be
anywhere from 90.25 percent to 95 percent. For example, in both the circular and
the Vi/Vc = 1.02 case, more than 10 apogee-perigee points, that is, more than

5 percent are outside the enclosed area, and thus the bounds may not be truly
2g boundaries. However, the enclosed area does seem reasonable enough to be used
in estimating lifetime probabilities.

CONCLUDING REMARKS

A statistical error analysis has been made of the orbital-accuracy capability
of the Scout research vehicle. Results are presented in the form of 95-percent
probability or *2¢ orbital-attitude error bands for three nominal circular orbits
at altitudes of 120, 300, and 600 nautical miles. In addition, for the 300-
nautical-mile mission, a detailed examination was made of the effects of the sep-
arate errors, predominant error sources were determined, and an analysis was made
of the effect on the orbital accuracy of injecting into the orbit with a velocity
greater than that for circular. Also, a method for determining an enclosed area
in apogee-perigee space within which approximately 95 percent of all orbits will
oceur is described and applied to the 300-nautical-mile mission. The enclosed
area is considered suitable for use as an aid to determining approximate minimum
and maximum orbital lifetime.

The results indicate that the *2¢ error bands for the 120-, 300-, and
600-nautical -mile nominal circular orbits have maximum variations from the nomi-
nal altitudes of approximately *100, *110, and *150 nautical miles, respectively.
Tt was found that these bands are critically dependent upon the fourth-stage tip-
off error and will be appreciably less if the present fourth-stage separation
system is found to have a 2¢ value of tip-off less than the 3.5° assumed in this
analysis. For the 300-nautical-mile circular orbit mission, for example, the
maximum uncertainty in orbital altitude of a 95-percent basis is reduced to *85
nautical miles for a 2¢ value of tip-off of about 2°. The results also indicate
that the overall accuracy of the Scout vehicle cannot be significantly improved,
exclusive of tip-off, until the rocket parameters such as specific impulse, pro-
pellant weight, and propellant burning rate, can be defined to within smaller
variations than those assumed for this analysis.

Various schemes for improving Scout orbital accuracy have been proposed and
investigated by the Scout Project Group at the NASA Langley Research Center. One
simple scheme to reduce the uncertainties about the minimum orbital altitude is
to inject into orbit with a velocity greater than that for circular. For example,
the uncertainty about the minimum altitude in the case of injecting into orbit at
an altitude of 300 nautical miles is cut in half by using an over velocity of
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1 percent. The attractiveness of this scheme is that in contrast to some others,

such as veloclty control, modifications to the vehicle are not necessary; however,
it is costly in terms of payload.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., February 5, 1963.



APPENDIX A

EQUATIONS OF MOTION

Differential eguations:

Q -1 F, cos a + F, sin a - R 2W sin 7
"o X Z T ”

Qe
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1 . R \2
+ —IF, sin a - F, cos a - { = | W cos 7
_— X Z T+

e
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cos ¥y cos ¥
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i V cos 7y sin y - @ cos L
r cos L
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1

(see fig. Al.)
Auxiliary equations:

FX = FaX + FTX

!
li

Fa, * Fr, + Fe
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MY = MaY + M.IIY + FCZ(XJ - Xcgo) + FZ(XCgO - Xcg)
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(1=¢+9—7’

o g +0 - e

f
I

T' =T + (2116 - P)A,
sin ¥ = cos 1
cos L NOTE: Implicit in these equations is a due east
5 launch requirement in the northern hemisphere.
cos ¥ = -Jl - sin®y

Control equations:

First stage -

5 = Kq(0 - 8g) + K30

Second stage -

€ = Kg(8 - 8.) +Kgb
FcZ =0, |€|_§ Do
FCZ = —Tj, € > A
FCZ =Ty, €< -

Tabular inputs:

Function of time - T, F5v, Bc
Function of welight - Xegs Iy

Function of altitude - V., p, P, a

Function of Mach number and ag. Ca» Cx» Cms Cp s CNS’ CmB
a
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APPENDIX B
MONTE CARLO ANALYSIS

The Monte Carlo results are based on the same set of velocity, altitude, and
flight-path-angle injection errors (the 300-nautical-mile injection errors listed
in table IV) as the root sum square (RsS) results. The difference thereafter is
in the different method of treating the injection errors to obtain the altitude
variation about the nominal at the various range angles. The method of obtaining
the RSS results has previously been described. The Monte Carlo analysis was con-

ducted as follows:

1. The plus and minus 3¢ injection errors were plotted for each of the
o6 error sources and a quadratic fitted through these points and the zero points

(see sketch).

20,000 |—
)
Hol ) [
S -3 =2 -1 1 2 3
1st stage Wp variation ﬁ
O Computed deltas O -20,000
)
Fairing for Monte
Carlo analysis
o 20 |- 0.2}
]
w
> ¥
£ 45 12 ) L1 1 ST N [
" =5 -1 1.2 3 ~ =5 -2 -1 1 2 3
>~
Z \\\\TD 5 Cr///
-20 -0.2 -
Standard deviations Standard deviations

The resulting quadratic coefficients for Ah, AV, and Ay ‘are shown in the
following table where

_ 2

Ahy = b\ + ajh

AV5 = DN+ aj}? J =1, coe, 26 (BL)
- p" 1 2

mj bJ7\ + aJ?\

and N 1is the number of standard deviations. The ] subscript is used to
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identify the error source.

of the

a

the error was assumed.

It should be noted in the following table that many

coefficients are zero, thus indicating that normal distribution of

Ah AV Ny
Error X ; . -
aJ bj aj bj aj bj

1 o 0.167 x 102|0 0.333 x 10 |0 0.910 x 10-1

2 (0 .150 x 102|0 176 x 10° | 0 .106

3 |o .125 x 1020 .239 x 10° | 0 .102
4| .40 x 102| .147 x 1020 164 x 10° | 0 .280 x 102
5 |-.243 x 107] .295 x 10%10 .140 x 102 |0 -.112 x 10~
6 |o 455 x 1040 -.685 x 10 |0 .135 x 1071
7 10 L6k x 10*|o -.5%67 x10 |0 .180 x 10-1
8 |o .200 x 10°|0 670 0 .870 x 1072
9 |-.106 x 103| .728 x 10*| .306 -.488 x 10 |0 JAs7 x 1071
10 |0 .286 x 10*|0 866 x 10 |0 .292 x 10-1
11 | .282 x 107 | .963 x 102] koo .87 x 10 |0 .170 x 10t
12 o -.262 x 10*|0 .150 x 10° |0 -.190 x 10~t
13 119 x 107 [-.251 x 107 |0 -.313 .720 x 1077| .150 x 1072
1% o 750 x 10%|-.2u6 -.164 x 102 |0 60 x 1071
15 |-.989 x 102| .532 x 10*|o -.191 x 10° | .700 x 10-7|-.180 x 10-2
16 | .569 x 102 | .116 x 107|-.842 -.238 x 10° |0 .3%0 x 1071
17 | .105 x 10%| .118 x 102 |-.547 -.202 x 102 |0 62 x 1071
18 .107 x 10* |-.548 x 10%|-.228 x 10 .690 0 -.232 x 10-t

19 |-.16% x 107 | bbb x 10%[-.231 x 10 |-.170 x 102 |0 665
20 |0 .195 x 1020 -.540 0 .292 x 10-1
21 o -.110 x 10°|-.428 -.346 x 10 |0 -.628 x 1071
o2 J412 x 102 K15 x 102| .890 x 1072| .267 x 1071 -.278 x 10-3]-.167 x 10-3
23 o -.977 x 103|0 -.190 0 -.530 X 10-%
24 o -.193 x 10%|o -.171 x 10 |0 -.128 x 10-L
25 o -.177 x 10*|o -.28% x 10 |0 -.138 x 10-1
26 o -.595 x 102 |0 -.108 x 102 |0 ~.620 x 1072
Example: Ah = a A2 + b A where A 1is a normally distributed random nunmber.
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2. Total injection errors in h, V, and 7 were determined by generating
26 random values of A, representing each of the 26 error sources, where A was
assumed to be normally distributed, and inserting these random values of A into
equations (Bl). This resulted in 26 sets of Ahjy, A&Vj, and Ayj which when

summed algebraically represented the total injection errors for one orbit, that
is,

-~

>
= > : 2
N AV (B2)

J=1 _J

The off-nominal injection conditions then are

hi hnom + Ah't

Vi = Vyom + AV r (B3)

i = Ynom t Ayt J

where injection is denoted by the subscript 1i. This procedure was repeated
200 times to obtain 200 orbits for statistical analysis.

3, At glven range angles from injection, the altitude difference Hh between
the off-nominal orbit and the nominal orbit was determined for each of the
200 orbits. To determine the statistical nature of the altitude variation, the
observed range of Ah at a particular range angle was divided into 20 equal
increments and a histogram of the number of occurrences of Ah within each incre-
ment was constructed. Appropriate integration of the histograms and normaliza-
tion by the total number of Ah's involved (200) provided the probability dis-
tribution function. These distributions were then plotted on probability paper
as shown in figure Bl. This paper is scaled such that a Gausslan probability
distribution will plot as a straight line. As can be seen in figure Bl, a
straight line is a good fairing of the plotted points thus indicating normal or
Gaussian distribution of Ah at each of the range angles. The comparison between
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these results and the RSS results has been made on figure 4 and noted to be very
good. It should be mentioned that the Monte Carlo analysis was also performed
with 100 orbits rather than 200 and much the same results were obtained. Thus
200 orbits would appear to be enough to adequately determine the variation in
orbital altitude due to the 26 error sources of table I.
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APPENDIX C

COMPARISON OF SOME ERROR-ANALYSIS DATA AND RESULTS WITH

FLIGHT RESULTS AND ROCKET-MOTOR GROUND TESTS

Sometime after the standard-deviation values for the rocket-motor parameters
were established (assumed) for use in the error analysis, available data of alil
the ground tests of the Scout motors were collected and analyzed. From these test
data, standard-deviation values were determined. It is of interest to compare
the 2¢ values assumed for the error analysis with the data measured from these
ground firings. The following table presents these data. The data are compared

TABLE CI.- COMPARISON OF THE 2¢ VALUES OF THE ROCKET-MOTOR PARAMETERS

DERIVED FROM GROUND FIRINGS® AND THOSE USED IN THE ERROR ANALYSIS

Total impulse variation (Ait)gd, percent, for -

lst stage 2nd stage 3rd stage Lth stage
motor motor motor motor
Error analysis 1.20 1.20 1.20 0.75
Ground tests .86 1.32 .18 1.08

Web burnout-time variation (Aib)gg, sec, for -

1st stage 2nd stage 3rd stage Lth stage
motor motor motor motor
Error analysis 1.07 1.13 1.43 1.17
Ground tests 1.30 1.02 1.92 3.64

*The 2¢ values listed as those derived from the ground firings were deter-
mined from the following number of runs -

MOtOT v & v ¢ o o « o o 1lst 2nd 3rd 4th
Number of tests . . . . 4 10 4 7

for two of the rocket parameters - total impulse and web burnout time. The web
burnout time is the time at which the rocket chamber pressure starts trailing off
to zero. (See fig. 5(b) at t = 37 seconds.) Although the error analysis did
not consider these same parameters but rather specific impulse, total propellant
weight, and propellant burning rate, still a reascnable comparison is possible.
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As explalned in the main part of the text, in the analysis the total impulsc was
affected only by the speciflic impulse and total propellant-weight errors. The
burning time and likewlse web burncut time was primarily changed by the propellant
burning-rate error. Hence, the 2¢ values for the percentage change in total
impulse listed in table CI for the error analysis are the statistical sum (RSS)

of the variations of total Impulse associated with Isp and Wp. The 20 web

burnout-time values listed for the error analysic are the values associated with
the 2g values of wp errors for each stage. In general, the agreement is fair with

the exception of (Ait)gd for the third-stage motor and <Atb)20 for the fourth-

stage motor. Notice the limited number of {irings from which the ground tests
data were obtained.

A summary has also been made of the differences in total impulse and web
burnout time between the values for those measured during the first seven Scout
flights and the values predicted for each specific motor for the same flights.
These data are presented in figure Cl. Figure Cl{(a) presents the percent differ-
ence between the flight measured and preflight predicted total impulse. Fig-~
ure C1{(b) summarizes the differences for the web burnout time. It must be pointed
cut that the total impulse data measured in flight were obtained by integration
of the vehicle longitudinal acceleration and hence the accuracy of the data is
affected by a number of factors. First-stage thrust impulse for example was
determined by assuming that the vehicle aerodynamic drag i1s known. For all stages
the accuracy of the impulse data is affected by the telemetry, sensor, and read-
out accuracy. The web burnout time was obtained in flight from the chamber-
pressure time history of the rocket motors and is probably fairly accurate. It
is worth noting on figure Cl(b) that the first-stage rocket has been consistently
burning faster than predicted. That is, the flight web burnout time on all the
shots but ST-5 has been less than the predicted value. It is pointed out in the
main text that the first-stage burning rate (Wp) was found to be important. Also

an examination of the effect of this error has shown that for an increased burning
rate the resulting altitude and flight-path angle will be above the nominal. This
has actually been the case for the altitude and path angle measured in flight.

The 2g values of the error analysis (from table Cl) are noted on the figures as
dashed lines. The discrepancies noted can be attributed at least in part to the
lack of motor grain temperature control on the launching pad in the early Scout
firings. The launch tower at Wallops Island has since been furnished with eguip-
ment capable of motor grain temperature control.

The differences noted between the predicted and flight measured values of
velocity, altitude, and flight-path angle at various points along the trajectory
for the first seven flights have been tabulated in figure C2. The 2¢ variations
as predicted by the error analysis are also noted here for comparison. Attempts
to correlate the data on figure C2 and the rocket data of figure Cl have exposed
many inconsistencies. For example, from figures Cl(a) and Cl(b) on ST-1 the
first-stage flight impulse was less than predicted and the motor burned faster
than predicted. Based on the error study, the effect of both of these conditions
is to cause a reduction in the velocity of second-stage ignition, yet on fig-
ure C2(a) the AV is noted to be a small positive value. Due to these inconsis-
tencies, some of which are no doubt due to inaccurate flight data, data-reduction
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methods, and the limited number of flights te date, it i1s felt that insufficient
evidence exists to Justify changing the value of the 2o variation assumed for any
of the error sources included in the error analysis.
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Figure Cl.- Differencec between {light measured and predicted
total impulse and web burnout time.
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TABLE I.- ERROR SOURCES AND MAGNITUDES USED IN THE ANALYSIS

Case Error 20 value
1 lst stage specific impulse 1.0 percent
2 2nd stage specific impulse 1.0 percent
3 3rd stage specific impulse 1.0 percent
b 4th stage specific impulse 0.35 percent
5 1st stage propellant flow rate 5.3 percent
6 2nd stage propellant flow rate 5.5 percent
7 3rd stage propellant flow rate 5.3 percent
8 hth stage propellant flow rate 3.5 percent
9 lst stage propellant weight 0.67 percent
10 2nd stage propellant weight 0.67 percent
11 3rd stage propellant weight 0.67 percent
12 bth stage propellant weight 0.67 percent
13 Launch attitude 0.33°
1k Attitude program 0.13°
15 1st stage thrust misalinement 0.17°
16 ond stage thrust misalinement 0.13%
17 3rd stage thrust misalinement 0.067°
18 Winds (fig. 6) 200 fps maximum
19 4th stage tip-off 3,59
20 Dead band 0.15°
21 Drag coefficlent 6.7 percent
22 Static margin Static margin varied

one body diameter (40 in.)

25 lst stage dry weight 0.33 percent
24 2nd stage dry weight 0.33 percent
25 3rd stage dry weight 0.33 percent
26 Lth stage dry weight 0.33 percent

TABLE II.- 2¢ VARIATIONS IN INJECTION PARAMETERS

Nominal circular
Ah A\ AN
orbital altitude, (_ )20’_ ( )20’ ( 7)2g)
nautical miles nautical miles ft/sec
120 8.7 135 1.19
300 12.0 125 1.40
600 19.6 1ko 1.84




TARLE III.- VARLAYIOH: OF AV, Ah, AND Ay DUE T0 EACH EBROE COURCE AT CECOND-, THIRD-, AKD
FOURTH-NTAGE IGNTITON FOR A00U-NAUPTCAL-MILE NOMIEAD CIRCULAR URBIT

{:‘I‘hc cuse wambers refer to the error sources of table I; 4 and b are the
+2g nud -Jo error values, r‘cr:t;ect;ichy]

2nd igniticn Srd lgnivien bth lgnition
ANy, NV, Iy Sh, OV, Ny, Hh, AV, ; Ny,
Case I o /sec deg It 't /sec des 'y rt/sec dep
Vaom = Ynom = | Hnom = Viom = pom = ¢ Viom = Tnom T
oLl | o788 L ruh Aot | 0,580 P1,807,6597 Lan,h09.1 | -0.019
; L
Len L5 0,361 L, 256 4l 2 0.167 8.9 0.271
1-b -47.0 - 581 -4 261 ke L -.173 -8.6 - 081
o-a o} ¢ 1,085 ! 69.5 060 26,079 37.3 .295
2-b o o o -1,090 : -569.9 | -.061 ~o6, Bor -37.1 -.099
3-n 0 ¢ 0 ¢} H 0 U 21,867 50.0 076
3-b 0 & 8] o] O 0 21,701 ite Ry - 8T
Lhea 0 O o o] o] 0 6] 0 0
Lop 0 0 0 0 ) C 0 ¢ s
5-a 3,043 -22.7 .311 3,666 -23.1 L1113 L,e07 -27.8 -
5-b -3,665 21.2 -.369 -4,317 0 21.0 -.138 -7,063 29.5 -
H-a 0 0 o) 2,359 ! 3.0 .087 7,900 -17.8
6H-b 0 0 o} -2,595 1.5 -.055 -9, 304 13.0
7-a 0 o] 5} 0 o] o] 8,248 -9.5
7-b 0 O o 0 O o -9,091 12,0 -
8-a O G 0 G 0 0 ¢! U &
8-b ol ") O o 6] 0 : 0 s o]
G-n 255 25.5 092 1,076 ! 25,1 NolleN 12,327 10.0
9-b -305 -08.1 -.109 -1,250 -28.0 -.057 15,914 -10.9 -.
10-a -393 -8.8 -.067 -828 2%3.6 ~.024 4,6L3 18.0
10-b 3071 8.7 067 806 2L, 7 L023% -5,077 -18.5 -.
1l-a -113 -2.5 -.019 -390 -14.2 -.018 2,694 19.9
1l-b 109 2.5 .019 379 140 L018 -180 -13.1 -.C0%
12-a -27 -7 -. 00k -93 3.4 -.00k4 -L,55 -8.9 -1
12-b 27 .7 LQ04 93 3.k L0005 L,575 9.0
15-a b -.2 003 5 3 L00L -29 -2
13-b 31 1.9 007 a7 1.8 003 872 i N
li-a 327 -L.6 L143 1,012 -7,k L1b1 13,739 -31.7
lhab -330 4.6 -.1k3 ~1,020 7.4 -.141 ¢ -13,825 31.7 | -
15-a 1,401 -21.5 .599 2,640 -23.6 219 9,681 -39, 4
15-b -1,%69 18.3 -.590 -2,795 19.6 -.219 -11,183 37.4 -
16-a 0 o 0 1,793 -9.5 . 396 2Lk ;759 -51.4
16-b 0 0 o -1,37h 9.5 -.311 -18,8%2 . Le.o -.
17-12 O ) 0 0 o) 0 27,543 -43.3
17-b o) 0 0 o 0 0 -17,900 37.0 -.
18-2 -1,270 -1k.5 -.218 -2,069 -15.5 -.Ohh ~4,300 -16.h 0 -
18-b 1,770 5.0 LT5 3,551 2.8 201 16,041 -17.5%
19-a 0 o 0 ) 0 o} 0 ¢ y
19-b o] 9] o] O G 8] [¢] o] i >
20-a 0 0 0 o ¢ O o ¢
20=b 0 0 o} o 0 O O T
2L-n -1,1k2 -3%.8 -.211 -2,h93 -33.5 -.100 -14,983 9.2 -, 168
21-b 1,151 3h.0 .209 2,507 33.5 100 ! 19,955 9.2 L1887
22-n -2 .2 o) 2 .2 o} 5 .1 NEs
22-b -1 -.1 -.001 -8 -.1 o] -75 0 -.001
2%-n -124 -2.8 -.021 -2h7 -2.7 -.010 -1,777 -.6 -.017
23-b 124 2.8 .021 247 2.7 .010 1,782 .6 .016
2hen -65 -1.5 -.011 ~023% -8.1 -.010 -3,450 -3.9 - 037
2h-b 65 1.5 L011 203 8.1 .010 3,460 3.9 L037
25-a -6 -.b -.003 -56 -2.0 -.003 -3,102 -6.2 -.03%8
25-b 16 Wb .003 56 2.0 .003 3,111 6.2 L0357
26-a -5 -.1 -.001 -19 -7 .000 -1,035 -2.1 -.013%
26-b 5 .1 .00L 19 7 .001 1,0%6 2.1 .013
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